The present article is devoted to the influence of sediment layers on the process of tsunami generation. The main scope here is to demonstrate and especially quantify the effect of sedimentation on vertical displacements of the seabed due to an underwater earthquake. The fault is modelled as a Volterra-type dislocation in an elastic half-space. The elastodynamics equations are integrated with a finite element method. A comparison between two cases is performed. The first one corresponds to the classical situation of an elastic homogeneous and isotropic half-space, which is traditionally used for the generation of tsunamis. The second test case takes into account the presence of a sediment layer separating the oceanic column from the hard rock. Some important differences are revealed. We conjecture that deformations in the generation region may be amplified by sedimentary deposits, at least for some parameter values. The mechanism of amplification is studied through careful numerical simulations.
Introduction
The primary application of this study is that of tsunami generation by the deformation of the sea bottom following an underwater earthquake. We do not explicitly compute the tsunami waves induced above the generation region. The coupling between solid and water motions was already performed in our previous work [DD09] and can be done again if necessary. Here we are mainly interested in the extreme amplitudes of the seabed displacements during the first minutes of a tsunamigenic earthquake. Recall that the free surface motion roughly follows these displacements. There are two fundamental reasons for this. The first one is that the rupture velocity of the seismic source, V , is much larger than the phase velocity of the tsunami, c. In practice, for seismic sources, V is of the order of 3 km/s, whereas c is typically less than 250 m/s, even for the deepest ocean basins [OS03] . It means that the gravitational forces do not have enough time to change the shape of the free surface during the characteristic time of the seabed motion [BMR72] . The second reason is that water is assumed to be incompressible and shallow. Altogether it means that for our purpose we can restrict our attention to the motion of the ocean bottom. Profiles of the ocean free surface are not computed in this paper.
The two fundamental reasons mentioned above are often used to justify the passive approach for tsunami generation where the static sea-bed displacement is simply translated to the free surface to generate the initial condition. Our previous investigations [DDK06, DD07, DD09] showed important differences between passive and active generations when the resulting wave is generated by a moving bottom.
We would like to underline that the present study is a theoretical one at this stage and must be followed by a thorough study of the influence of the various parameters such as rupture velocity, focal depth, dip angle, slip angle, fault size (only one-dimensional -1D -faults are considered in this paper), sedimentary structure (the sedimentary layer is taken as a Poisson solid in this paper). Moreover, the far-field effect might be different from the near-field effect. We simply explore some aspects of the influence of the sedimentary layering on tsunami generation. We do not consider historical examples, even though it should be done in the future. Our goal is to present a framework for studying the process of tsunami generation. Recall that ten years ago, Synolakis et al. [SLCY97] were writing: "There is a lack of quantitative information on sediment layers overlying tsunamigenic faults and about how these layers affect directly the generation of tsunamis." Our study is a small step toward a better understanding of the rôle of sediments.
The influence of sedimentary layering was already mentioned in some studies [Fuk79, Oka88, FWB06] . Let us comment on the various results obtained so far. Both studies [Fuk79] and [Oka88] point out that fracturing through thick sediments produces large displacements in the source region but relatively small displacements in the far field. In the work by Okal [Oka88] , the influence of the sediment layer was studied in the framework of normal modes and interesting results were obtained for sources inside as well as outside the layer of sediments. In the present study we perform direct numerical simulations by solving the elastodynamics equations with a finite element method (FEM).
To our knowledge, the most recent numerical study concerning the rôle of sedimentation in subduction-zone thrust faults is [FWB06] . The scope of that paper was the long-term evolution of a typical subduction wedge. A quite sophisticated thermo-mechanical modelling of the plate movement with realistic rheology was used. As in our study, the governing equations were solved with a two-dimensional FEM. The authors came to some important conclusions (see also [SB06] for interesting remarks on sediment layers). We would like to quote some of them since there is a connection with our results:
"Our numerical simulations demonstrate that sedimentation stabilizes the underlying wedge, preventing internal deformation beneath the basin. Maximum slip during great-thrust earthquakes tends to occur where sedimentary basins stabilize the overlaying wedge. The lack of deformation in these stable regions increases the likelihood of thermal pressurization of the subduction thrust, allows the fault to load faster, and allows greater healing of the fault between rupture events."
In view of the above results, it is interesting to compare the distribution of sediment thickness in the world oceans (see Figure 1 ) with the seismic hazard map (see Figure 2) . As one can see on Figure 1 , the sediment thickness varies from 0 to 20 km. Important deposits can be found along the Eastern coasts of America and the Western coasts of Africa. Fortunately there is no substantial seismic activity in these regions. But in the Bay of Bengal, and in particular in the Andaman sea, the situation is different. In this part of the world two factors are present simultaneously: an important seismic hazard and thick sediment layers. The present paper is organised as follows. In Section 2 we briefly describe the simplified mathematical model which represents the Earth crust. In the same section we also give some ideas about the discretisation procedure of the governing equations. Section 3 contains the description of two idealised test cases. Then, some results on the profile of the seafloor are presented. Fi- nally, important conclusions and practical recommendations to tsunami wave modelers are given in Section 4. Some directions for future research are also outlined.
Mathematical model and numerical method
In this paper we use the same mathematical model as in our previous study [DD09] . Nevertheless, we give here a brief description of the model and refer to [Dut07, DD09, KDID07] for more details. We emphasize again that we consider a 1D fault. In other words the fault has only one dimension, its length L.
The fault is assumed to lie inside a linear elastic isotropic material. In the next section both homogeneous and inhomogeneous distributions of the Earth crust properties will be considered. We provide the 3D version of the governing equations. Let σ represent the stress tensor. The displacement field u = (u, v, w)(x, y, z, t) satisfies the classical elastodynamic equations issued from continuum mechanics [AR02] :
where ρ the material density. It is common in seismology to assume that the stress tensor is determined by Hooke's law through the strain tensor ε = 1 2
where λ and µ are the Lamé coefficients. The coefficient µ is the shear modulus. Thus, we come to the following linear elastodynamic problem:
As already pointed out, these coefficients can possibly depend on the spatial coordinates (x, y, z) (x, y: horizontal, z: vertical). The Lamé coefficients can be expressed in terms of Poisson's ratio ν and Young's modulus E as follows:
.
This remark immediately leads to the following property of solutions to the steady version of Equation (3): such solutions do not depend on Young's modulus but only on Poisson's ratio.
The fault is modeled as a dislocation inside an elastic material. This type of model is widely used for the interpretation of seismic motion. A dislocation is considered as a surface (in three-dimensional problems) or a line (in twodimensional problems) in a continuous medium where the displacement field is discontinuous. The displacement vector is increased by the amount of the Burgers vector b along any contour C enclosing the dislocation surface (or line), i.e.
We let a dislocation run at speed V along a fault inclined at an angle δ with respect to the horizontal. The rupture starts at the point x = 0 and z = −d (it is supposed to be infinitely long in the transverse y−direction), propagates at constant rupture speed V for a finite time L/V in the direction δ and stops at a distance L. Let ζ be a coordinate along the dislocation line. On the fault located in the interval 0 < ζ < L, the slip is assumed to be constant. The rise time is assumed to be 0. We insist here that in real situations, the fault is twodimensional and the rupture velocity usually refers to the velocity at which the fault ruptures in the transverse y−direction (see for example [Oka88] ).
Discretization of the elastodynamics equations
In order to apply the FEM we rewrite the governing equation (3) in the domain Ω in variational form. One has
where V is the linear closed subspace of
and f is the loading applied to the Neumann boundary Γ N . This term is equal to zero in our computations, since the seabed is considered to be a free boundary in geophysics.
In order to discretize the time derivative operator we apply a classical second order finite-difference scheme. We underline that the resulting method is fully implicit and has the advantage of being free of any CFL-type condition. In such problems implicit schemes become advantageous since the velocity of propagation of seismic waves is of the order of 3 − 4 km/s. After discretizing in time, one obtains the following variational form:
where the superscript denotes the time step number, e.g. u (n) = u( x, t n ). Then, we apply the usual P2 finite-element discretization procedure. For the numerical computations, we used the freely available code FreeFem++ [HPHO98] .
Let us say a few words about the boundary conditions and the treatment of the dislocation in the program. As already stated, the seabed is assumed to be a free surface:
The other boundaries are assumed to be fixed or in other words, we apply Dirichlet type boundary conditions u = 0. The authors are aware of the reflective properties of this type of boundary conditions. But we take a computational domain which is sufficiently large, so that the seismic waves do not reach the boundaries during the simulation time. This approach is not computationally expensive since we use adaptive mesh algorithms [HPHO98] and in the regions far from the fault, element sizes are considerably bigger than in the fault vicinity. A typical mesh used in simulations is plotted on Figure 3 . Now, let us discuss the implementation of the dislocation. Across the fault, the displacement field is discontinuous and satisfies the following relation:
where the signs ± denote the upper and lower boundary of the dislocation surface, respectively. In order to satisfy the condition (5) we apply the following boundary conditions on the fault surface:
Figure 4. Test case with a homogeneous medium.
Remark: Due to the presence of huge hydrostatic pressures in the crust, the two sides of the fault cannot detach physically. In any case this situation does not occur in nature. Mathematically it means that the Burgers vector b is tangent to the dislocation surface at each point.
Numerical results
The numerical method described in the previous section was validated in our previous study [DD09] by comparing numerical results with analytical results.
In the present work we compare vertical displacements at the ocean bottom in two different situations. The first test case corresponds to the traditional modelling procedure where the Earth crust is assumed to be a homogeneous elastic material. It is schematically depicted on Figure 4 . For example, the well known Okada solution 1 [Oka85] , which is still widely used to construct initial conditions for various tsunami propagation codes, is based on these assumptions.
In the second test case, we add a sediment layer of thickness h s on top of the previous configuration. This situation is depicted on Figure 5 . Let us provide some comments on the model for sediments chosen in this study. In fact, what we call sediments here is an elastic layer which has the mechanical properties of sand according to [Mei94] . It means that porosity and the two-phase nature of this medium are neglected. These effects should be investigated in the future. As stated by Okal [Oka88] , detailed oceanic models of sedimentary structure have evidenced strong gradients of seismic velocities. The chosen sedimentary Table 1 Values of fault parameters used in this study.
parameter sand granite
Shear modulus µ, Pa 2 × 10 8 30 × 10 9
Poisson's ratio 0.3 0.27
Shear wave velocity µ/ρ, m/s 330 3230 Table 2 Values of mechanical parameters for sand and granite.
model is not extreme; much looser and weaker structures are encountered in nature.
Let us now discuss the results. First we present static solutions corresponding to the test cases described above. Two solutions are plotted on Figure 6 . In this case we take a sediment layer thickness h s equal to 600 m. In all figures of this section we plot the vertical displacement at the free surface of the Earth crust (or at the seabed, in other words). The values of the other parameters used in the computations are given in Tables 1 and 2 . As the reader can see, there is no significant difference between the two solutions. In other words, sediments do not influence the static deformations due to a dislocation source. Physically, we can understand this situation, since in the static case the sand layer is just raised up by the deformed granite. Note that the parameters used here are not realistic. Indeed the length of the fault L is quite small and we repeat that the fault is 1D. The slip b is extremely large but since at this stage the problem is linear, the absolute value of the slip is not that important.
There is another rather mathematical explanation. In fact, as mentioned above, the steady Lamé equations 2 do not depend on Young's modulus but only on Poisson's ratio. Not surprisingly the Okada solution has the same property since the analytical expressions contain the Lamé coefficients in the combination λ/(λ + µ), which depends only on Poisson's ratio ν. One can see in Table amplitudes (see Figure 9 ).
We performed other computations where the sediment layer thickness was reduced to 150 m. Results are presented on Figures 10-11. In this case, both solutions (homogeneous and inhomogeneous) evolve together and are almost indistinguishable within graphical accuracy. These results suggest to study the dependence of the vertical displacement amplitude on the sediment layer thickness.
Sediment amplification factor
In order to quantify the influence of sediments on the vertical seabed displacements, we introduce a new quantity S a that is called the sediment amplification factor. We give first the formula for S a and then explain our definition.
Definition 1 Let us denote by v 0 (x, t) and v s (x, t) the vertical displacements at the free surface in a homogeneous half-space and at the top of the sediment layer respectively 3 . Then, the sediment amplification factor is defined as follows:
Let us provide some explanations. First of all, it is clear that we compare the values of two extreme amplitudes. The maximum is taken in both space and time, since both processes are not synchronised in time 4 . Finally, we substract one because we want the amplification factor to be equal to zero when sediments are absent.
Once this quantity S a is defined, a parametric study must be performed. Here we are mainly interested in the dependence on the sediment layer thickness. But it is better to choose a dimensionless quantity. In this problem there are three lengths: the fault length L, the fault depth d and the sediment layer thickness h s . It is natural to choose the ratio h s /d as dimensionless parameter.
We performed a lot of computations for different values of h s /d and obtained the curve shown on Figure 12 . It leads to several comments. On the left, the curve starts from zero and it is expected since the sediment layer disappears at this extremity. Thus, its amplification is equal to zero as well. It is interesting that the amplification factor has a maximum in the vicinity of h s /d = 0.12. It means that there exists an optimal configuration when the sediment layer has its strongest effect. When we gradually increase the dimensionless parameter h s /d past the maximum, the amplification decreases. In the limit, one has to be careful as h s /d → ∞. Indeed one approaches an elastic half-space completely filled with sediment and dislocation theory may no longer be appropriate, especially if the material is loose.
Conclusions and perspectives
In the present paper we investigated the influence of sedimentary layering on displacements due to an earthquake. We showed that there is practically no effect in the case of static deformation. This is to be expected in the framework of our model. Both curves can be superimposed up to graphical accuracy. On the other hand, dynamics makes a big difference. Our computations show that the vertical displacement amplitude can be amplified by a factor up to 1.7. We point out that there exists some kind of "optimal" sediment layer thickness, which provides the biggest amplification factor. Of course, this optimal value depends on various mechanical parameters. It can be estimated in each specific situation by similar numerical techniques.
There is another predictible effect of the sediment layer. It slows down considerably the velocity of propagation of elastic and Rayleigh waves. In our simulations it is reflected by the fact that the maximum amplitude is reached much later than in the homogeneous case.
We introduced a new quantity S a , that we called sediment amplification factor. This dimensionless quantity measures the relative increase of the vertical displacement amplitude with respect to the homogeneous half-space solution. The dependence of this quantity S a on the dimensionless thickness of the sediment layer was studied. We showed that there exists an optimal ratio h s /d ≈ 0.125 between sediment thickness and depth of the event which provides the biggest amplification factor S a ≈ 0.7.
It is of interest to see how these results apply to the 2004 Indian Ocean Earthquake, which produced a megatsunami with local runup greater than 30 m at some locations [SK06] . According to Figure 1 , we can estimate the sediment thickness h s in the generation region to be about 3 km. In [LKA + 05, NSS
+ 05], the centroid depth d was set to 25 km for all fault subdivisions. If we compute the ratio of these parameters, we obtain h s /d = 0.12. This value approximatively corresponds to the value (see Figure 12 ) which provides the maximal sediment amplification factor. The natural question is: is it a coincidence? It is not possible to answer at this stage. Indeed the values we have used for the fault size are not realistic. Most likely there can be an amplification in real situations but not as large.
The overall conclusion of this study is that one may have to revise the initial conditions used in some tsunami simulations. More precisely one has to take care of situations where the generation region contains sediment deposits. Most likely it was the case of the Boxing Day Tsunami of 2004 [SB06] . Several researchers had to take unphysically large values of the slip along the fault 5 in order to generate a significant tsunami wave (see for example [IAK + 07]). If one takes sediments into account, this value can be reduced while producing the same wave amplitude.
We finally outline some directions for future research in this field. First of all, the application of these techniques to real world events requires, of course, 3D computations, even if we do not think that it will change qualitatively our results. On the other hand, the fracturing through the sediments should be further investigated since it was conjectured to provide a much bigger amplification factor [Fuk79, Oka88] . At the same time, the question of the influence of sediment porosity has not been addressed in the present study and is left for future investigations. We have the feeling that porosity may enhance sea-bed deformations in the near field but it should be checked by thorough computations.
Finally it should be emphasized that the present study has focused on the deformation of the sea-bed. The question of the amplification of tsunami waves is a different one. Even if there is an effect in the near-field, it is not obvious that there is an effect in the far-field. The normal mode theory used by Okal [Oka88] provides an ideal framework to study both near-field and far-field effects. Moreover it is relatively easy to vary as many parameters as possible (focal depth, rupture velocity, dip angle, slip angle, thickness of sediment layer, fault size, sedimentary structure, etc). 
